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Abnormalities in insulin/IGF-1 signaling are associ-
ated with infertility, but the molecular mechanisms
are not well understood. Here we use liquid chroma-
tography with electrospray ionization tandem mass
spectrometry to show that the C. elegans insulin/
FOXO pathway regulates the metabolism of locally
acting lipid hormones called prostaglandins.
C. elegans prostaglandins are synthesized without
prostaglandin G/H synthase homologs, the targets
of nonsteroidal anti-inflammatory drugs. Our results
support the model that insulin signaling promotes
the conversion of oocyte polyunsaturated fatty acids
(PUFAs) into F-series prostaglandins that guide
sperm to the fertilization site. Reduction in insulin
signaling activates DAF-16/FOXO, which represses
the transcription of germline and intestinal genes
required to deliver PUFAs to oocytes in lipoprotein
complexes. Nutritional and neuroendocrine cues
target this mechanism to control prostaglandin
metabolism and reproductive output. Prostaglandins
may be conserved spermguidance factors andwide-
spread downstream effectors of insulin actions that
influence both reproductive and nonreproductive
processes.
INTRODUCTION
Insulin is an evolutionarily conserved protein hormone that acts
downstream of dietary and neuronal signals to integrate meta-
bolic output with reproductive capacity (Burks et al., 2000;
Fielenbach and Antebi, 2008; Garofalo, 2002; Ogg et al., 1997;
Tissenbaum and Ruvkun, 1998). Its diverse actions include regu-
lation of glucose and fat metabolism, longevity, stress response,
and fertility (Mukhopadhyay et al., 2006; Tatar et al., 2003).
A canonical signal transduction pathway mediated by the
phosphoinositide 3-kinase and serine/threonine kinase Akt
impinges on the Forkhead Box Class O transcription factor
(FOXO) (Landis and Murphy, 2010; Mukhopadhyay et al.,
2006). Akt phosphorylates FOXO in the cytoplasm, inhibiting its
nuclear translocation. In the nucleus, FOXO can activate or
repress transcription of a wide array of genes, often in a tissue-858 Developmental Cell 19, 858–871, December 14, 2010 ª2010 Elsspecific manner. In C. elegans, insulin deficiency causes low
brood size and late progeny production, defects that are sup-
pressed by loss of the FOXO homolog DAF-16 (Gems et al.,
1998; Ogg et al., 1997; Tissenbaum and Ruvkun, 1998). Studies
in mice have shown that FOXO3a plays a role in ovarian follicle
development and ovulation, yet all three FOXO subfamily
members are expressed in the mammalian ovary (Castrillon
et al., 2003; Liu et al., 2007; Liu et al., 2009; Pisarska et al.,
2009). While it is clear that insulin/FOXO signaling plays a critical
role in reproduction, the specific processes and molecular
mechanisms involved are incompletely understood.
Prostaglandins (PGs) are an important class of lipid hormones
called eicosanoids, which are derived from 20-carbon polyun-
saturated fatty acids (PUFAs), such as arachidonic (AA) and
eicosapentaenoic (EPA) acids (Funk, 2001). PGs are critical for
mammalian ovulation, fertilization, implantation, and parturition.
The molecular basis for the fertilization defect(s), in particular, is
not understood (Gross et al., 1998; Lim et al., 1997; Matsumoto
et al., 2001). These labile lipids act close to their synthesis sites,
contrasting with systemic protein hormones, such as insulin, that
can act on distant tissues. Mammals lack the desaturase
enzymes necessary to convert monounsaturated fatty acids
into PUFAs, which must be provided in the diet (Burr and
Burr, 1930). The conversion of arachidonic acid to PGH2 by PG
G/H synthase, the target of nonsteroidal anti-inflammatory drugs
(NSAIDs) (Vane, 1971), is the rate-limiting step in mammalian PG
synthesis (Funk, 2001). PG synthases catalyze the conversion of
PGH2 into biologically active products such as PGD2 and PGF2a.
PG G/H synthase homologs are not present in nematode,
arthropod, and plant genomes (Chandrasekharan and Simmons,
2004). In plants, 18-carbon PUFAs are converted into PG-like
jasmonates by a series of enzymes, including allene oxide
cyclase (Gfeller et al., 2010).
C. elegans is an attractive model with which to discover the
molecular mechanisms regulating reproduction (Han et al.,
2010). Its transparent epidermis makes the events of fertilization
directly observable in the intact animal (McCarter et al., 1999;
Miller et al., 2001). Oocyte maturation and ovulation occur in
an assembly line within two gonad arms that are connected to
a common uterus. Oocytes in diakinesis of meiotic prophase
lie in the proximal gonad next to the spermatheca, the site of
sperm storage and fertilization. Sperm crawl across the uterine
walls and fertilized eggs to actively target the spermatheca,
a process called sperm guidance (Kubagawa et al., 2006).
C. elegans is the only system available that combines
genetic and biochemical manipulation with single-cell imagingevier Inc.
Figure 1. Insulin Signaling Is Required Cell Nonautonomously for
Sperm Guidance
(A) Canonical insulin signaling pathway in C. elegans.
(B) Representative sperm distribution images 1 hr after mating wild-type (WT)
ormutant hermaphrodites to wild-typeMitoTracker-labeled (MT)males. Quan-
tification of selected genotypes is shown in Figure 2. Yellow outline marks the
spermatheca. Vulva is to the right (see Figure 2A for gonad diagram). Bar,
20 mm.
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guidance in vivo.
We have shown that oocyte PUFAs are precursors of signals
that attract sperm to the spermatheca (Kubagawa et al., 2006).
The following model is based on a combination of genetic and
biochemical data. PUFAs are synthesized in the intestine and
incorporated into yolk lipoprotein complexes. Yolk is secreted
into the pseudocoelom and flows to the gonad. The RME-2
low-density lipoprotein receptor mediates yolk endocytosis
(Grant and Hirsh, 1999) and PUFA transport to oocytes. Abnor-
malities in PUFA synthesis or yolk delivery cause nonautono-
mous sperm motility defects, including reduced velocity and
directional velocity, as well as increased reversal frequency
(Kubagawa et al., 2006). The chemical identity of the sperm guid-
ance factors is not known, but an RNAi screen identified two
glutathione S-transferase enzymes related to mammalian PGD
synthases. However, there was no evidence that C. elegans
synthesizes PGs.
Here, we show that the insulin/FOXO endocrine system
regulates the synthesis of F-series PGs, which promote sperm
motility and reproduction. PG synthesis initiates in the absence
of PG G/H synthase homologs. The intestine and germ line are
two major sites of DAF-16/FOXO action. DAF-16 represses tran-
scription of genes encoding proteins that deliver PUFAs to
oocytes in yolk lipoprotein complexes. Our results support the
model that DAF-16 controls a balance in PGmetabolism through
transcriptional activation and repression mechanisms. In addi-
tion to sperm guidance, this balance may influence ovulation,
longevity, immunity, and metabolism.
RESULTS
Nonautonomous Control of Sperm Motility
by Insulin/FOXO Signaling
The DAF-2 insulin receptor activates a conserved phosphoryla-
tion cascade that inhibits nuclear translocation of the DAF-16/
FOXO transcription factor (Figure 1A). To investigate the basis
of the daf-2 mutant reproductive defects, we examined
daf-2(e1370) and daf-2(e1391) hermaphrodites shifted to the
restrictive temperature (25C) during the L4 and adult stages.
The mutants contain functional gametes capable of fertilization,
although their oogenesis and oocyte maturation rates are slow
(Figure S1). The daf-2 mutant gonads resemble those from
starved hermaphrodites, which have impaired ability to attract
motile sperm to the spermatheca (Kubagawa et al., 2006).
To test whether daf-2 is required for sperm targeting, we mated
wild-type Mitotracker-labeled (MT) males to adult daf-2(e1370)
hermaphrodites grown at 25C for 20–24 hr. Compared to the
control, wild-type sperm fail to accumulate efficiently at the sper-
matheca in daf-2 mutants 1 hr after mating (Figures 1B, 2A, and
2B; p < 0.001). Similar results are observed in daf-2(e1391)
mutants (data not shown). daf-2 mutants grown at the permis-
sive temperature (16C) do not have sperm-targeting defects.
The phosphoinositide 3-kinase catalytic subunit age-1 and
serine/threonine Akt/PKB kinase akt-1 act downstream of
daf-2 to regulate DAF-16 activity (Figure 1A) (Landis andMurphy,
2010;Mukhopadhyay et al., 2006). age-1 and akt-1mutants have
sperm guidance defects that are similar to daf-2 mutants (Fig-
ure 1B). sgk-1 encodes a mammalian serum- and glucocorti-Developmecoid-inducible kinase ortholog that regulates longevity and
oxidative stress, but not dauer and immunity (Figure 1A) (Evans
et al., 2008; Hertweck et al., 2004). Sperm guidance defects
are not observed in sgk-1 mutants (Figure 1B). We conclude
that canonical insulin signaling independent of sgk-1 is required
nonautonomously for sperm guidance in adult animals.
The failure of wild-type sperm to target the spermatheca in
daf-2 mutants is similar to the phenotype of PUFA-deficient
hermaphrodites with mutations in fat genes. PUFA depletion
causes wild-type sperm to migrate with reduced velocity,
reduced directional velocity, and increased reversal frequency
(Kubagawa et al., 2006). To evaluate sperm motility in daf-2
mutants, we measured migration values immediately following
mating. Compared to the control, wild-type sperm in daf-2ntal Cell 19, 858–871, December 14, 2010 ª2010 Elsevier Inc. 859
Figure 2. Quantification of Sperm Guidance
Defects
(A) Sperm guidance is evaluated by mating MT-
labeled males to hermaphrodites and measuring
accumulation at the spermatheca 1 hr after
mating, as well as migration velocity, directional
velocity, and reversal frequency in the uterus
(Kubagawa et al., 2006).
(B–E) Sperm distribution 1 hr after mating. Equal
distribution in each zone is consistent with random
sperm motility. The number of gonads analyzed is
shown above the zone 1 distributions. Error bars
are SEM. See Supplemental Experimental Proce-
dures for zone definitions. Feeding RNAi was initi-
ated at the L4 or young adult stages.
(F) Sperm motility values in wild-type and mutant
hermaphrodite uteri aremeasured from time-lapse
videos after mating. Vectoral velocity is directional
velocity toward the spermatheca. N indicates
number of sperm analyzed. *wild-type sperm
values include new data (n = 18) and published
data (Kubagawa et al., 2006). Values ± SEM are
shown. p values were calculated using a Student’s
t test.
Developmental Cell
FOXO Regulates Prostaglandin Synthesis(e1370) mutant adults shifted to the restrictive temperature for
24 hr migrate with reduced velocity, reduced directional velocity,
and increased reversal frequency (Figure 2F; p < 0.001). There-
fore, insulin signaling deficiency causes identical sperm migra-
tion defects as PUFA deficiency.
Null mutations in daf-16 partially suppress the daf-2(e1370)
hermaphrodite brood size defect (Gems et al., 1998; Tissenbaum860 Developmental Cell 19, 858–871, December 14, 2010 ª2010 Elsevier Inc.and Ruvkun, 1998). Similarly, sperm
guidance improved significantly in
daf-2(e1370); daf-16(mu86) double
mutants compared to daf-2(e1370)
mutants (Figures 2B and 2F; p < 0.001),
indicating that sperm motility is inhibited
in daf-2 mutants by increased DAF-16
activity. DAF-16 is required for optimal
sperm guidance because daf-16(mu86)
null mutants have slightly reduced brood
size and mild sperm motility defects
(Figures 2C and 2F; p < 0.001). This result
suggests that the basal level of DAF-16
present in cell nuclei of wild-type adults
is necessary for sperm guidance. Three
lines of evidence support the idea
that DAF-16 acts at least partially in the
germ line. First, overexpressing DAF-
16B in the germ line of wild-type
hermaphrodites using the pie-1 promoter
causes sperm guidance defects (Figures
1B and 2B; p < 0.001). Second, daf-16
RNAi targeted specifically to the germ
line using rrf-1(pk1417) mutants causes
identical sperm guidance defects as
daf-16 RNAi targeted ubiquitously (Fig-
ure 2C). Finally, DAF-16 has been shown
to regulate the transcription of germline-specific genes (Curran et al., 2009). We conclude that germline
DAF-16 activity is critical for regulating sperm guidance.
Prostaglandins Are Implicated in Sperm Guidance
The nonautonomous sperm guidance defects of insulin signaling
mutants suggest that DAF-16 regulates the synthesis of sperm
guidance factors. Consistent with this hypothesis, DAF-16
Figure 3. Representative Sperm Distribution Images
(A) Representative sperm distribution images 1 hr after mating wild-type or mutant hermaphrodites to wild-type or mutant MT males. All predicted PG synthase
mutant and RNAi hermaphrodites have variable nonautonomous defects, with R11A8.5 mutants having the weakest phenotype (more severe case is shown).
C35D10.6 RNAi (not shown) is similar to Y39G8B.2 RNAi (shown). Quantification of selected genotypes is shown in Figure 2. Yellow outline marks the sperma-
theca. Vulva is to the right (see Figure 2A for gonad diagram). Bar, 20 mm.
(B) Predicted gene structures and deletions. The ok2358 mutation deletes all four gst-4 exons (not shown).
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PUFA metabolism and transport to oocytes, as well as eicosa-
noid synthesis and breakdown (Table S1) (Halaschek-Wiener
et al., 2005; Murphy et al., 2003). A previous sperm guidance
RNAi screen implicated two genes with similarity to PG
synthases (Kubagawa et al., 2006). RNAi depletion of GST-4 or
GST-1, which are 34% and 28% identical to human gluta-
thione-requiring PGD synthase, respectively, causes nonauton-
omous sperm guidance defects. To confirm that gst-4 is required
for sperm guidance, we mated wild-type males to gst-4(ok2358)
null mutant hermaphrodites. Compared to the wild-type, sperm
move with reduced velocity and directional velocity in gst-4
(ok2358) mutants (Figures 2F; p < 0.001), causing reduced
spermathecal accumulation (Figures 2D and 3; p < 0.001).
Similar results are observed in gst-4(tm3294) mutants (data not
shown). gst-4 mutants also have spermathecal valve dilationDevelopmedefects that are similar to daf-2 mutants and pie-1p::gfp::daf-
16b transgenic strains (Figure S1). gst-1 RNAi (Figures 2D and
3A) did not enhance the sperm guidance defect of gst-4(ok2358)
null mutants (Figure 2D), suggesting that GST-1 and GST-4 form
a heterodimer or act in sequence. We also identified a predicted
PGE synthase called R11A8.5 and two predicted PGF synthases
called Y39G8B.2 and C35D10.6 (data not shown) that are
required nonautonomously for sperm guidance (Figure 3). There-
fore, multiple predicted PG synthases promote sperm targeting
to the spermatheca.
C. elegans Synthesizes a Wide Array of F-Series
Prostaglandins
To determine whether C. elegans produces PGs and other
eicosanoids, we developed a sensitive liquid chromato-
graphy with electrospray ionization tandem mass spectrometryntal Cell 19, 858–871, December 14, 2010 ª2010 Elsevier Inc. 861
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FOXO Regulates Prostaglandin Synthesis(LC-MS/MS) assay using a liquid/liquid extraction method (see
Experimental Procedures and Table S2) (Golovko and Murphy,
2008; Kingsley et al., 2005;Masoodi andNicolaou, 2006;Murphy
et al., 2005). The total ion chromatogram (TIC) obtained from full
scan (Q1 scan) LC-MS analysis of wild-type extracts in a mass
range of m/z 315-360 (typical range used for eicosanoid detec-
tion) shows numerous peaks overlapping with PG standard
retention times (Figure 4A; Tables S2 and S3). These peaks
contain complex mixtures of individual ions. LC-MS/MS
analyses indicate that wild-type extracts contain a wide array
of PGs that are mostly F-series (Table S3 and Figure S2). We
decided to focus on F-series PGs because we could not detect
significant quantities of D- and E-series PGs in extracts, gst-4 is
required to synthesize specific PGF2a analogs, and authentic
PGF2a has potent activity (see below). LC-MS/MS operated in
multiple reaction monitoring (MRM) mode with mass transition
m/z 353/193, which is characteristic of PGF2a and its isomers,
detected several PGF2a-like compounds (Figure 4B). The major
peak (CePGF2) has a retention time that is almost identical
to PGF2a. Fragmentation of CePGF2 compared to PGF2a reveals
important shared structural features (Figure 4C, D). The product
ionm/z 273 results from an initial loss of 44 Da (C2H4O) from the
parent ion (m/z 353) followed by two 18 Da (23 H2O) losses,
a pattern indicative of an F-series cyclopentane ring (Figures
4C and 4D) (Murphy et al., 2005). This structure is further sup-
ported by the presence of an ion at m/z 193 that is proposed
to result from methyl terminus side chain loss and carbon-14
bond cleavage. These results indicate that CePGF2 is a PGF2a
isomer. CePGF2 may differ from PGF2a by a change in stereo-
chemistry, position of a double bond, or position of the noncyclo-
pentane hydroxyl group. PG G/H synthase homologs are not
present in the genome, but myeloperoxidases, which share
structural similarity with the PG G/H synthase peroxidase
domain (Daiyasu and Toh, 2000), are present. NSAID treatment
and RNAi against each of the thirteen myeloperoxidases have
little or no effect on sperm guidance (Figure S3). Although we
cannot eliminate a role for myeloperoxidases, these results
suggest that C. elegans synthesizes a wide array of PGs in the
absence of PG G/H synthase.
Oocyte Prostaglandins Require Intestinal PUFA
Biosynthesis and Transport
To test whetherC. elegans PGs require synthesis of endogenous
C20 PUFAs, we compared wild-type extracts to fat-3(wa22)
mutant extracts. FAT-3 is a D6 desaturase that is necessary for
C20 PUFA synthesis and sperm guidance (Kubagawa et al.,
2006; Watts et al., 2003). TICs show that many ions in the m/z
315-360 range are reduced in fat-3(wa22) mutants (Figure 4A).
MRM using the mass transition m/z 353/193 indicates that
PGF2a-like PGs are among those that are reduced. Therefore,
CePGF2 and other PGs require endogenous C20 PUFA
synthesis (Figure 4B). Intestinal PUFAs are transported to
oocytes in yolk lipoprotein complexes (Kubagawa et al., 2006).
Loss of the RME-2 low-density lipoprotein/yolk receptor, which
is specifically expressed in oocytes (Grant and Hirsh, 1999),
causes severe sperm guidance defects. TICs show that PG
levels are broadly reduced in rme-2(b1008) null mutants
compared to the wild-type (Figure 4E). MRM using the mass
transition m/z 353/193 demonstrates that most PGF2a-like862 Developmental Cell 19, 858–871, December 14, 2010 ª2010 ElsPGs, including CePGF2, are decreased in rme-2 mutants (Fig-
ure 4F). gst-4 is not essential for CePGF2 synthesis (data not
shown), but it is essential for synthesis of rme-2-dependent
unsaturated PGF2a analogs, detected using MRM with mass
transition m/z 351/271 (indicated by arrow, Figure 4G). There-
fore, GST-4 is required to synthesize certain oocyte F-series
prostaglandins. We conclude that production of CePGF2 and
other F-series PGs requires endogenous intestinal C20 PUFA
synthesis and transport to oocytes.
F-series Prostaglandins Are Sufficient to Promote
Sperm Motility In Vivo
We considered two possibilities to explain the current data.
Either sperm express signal transduction machinery that
regulates their motility, or lipids alter the uterine environment
and indirectly influence motility. Indirect support for the first
possibility comes from direct observation. Uterine cells do not
contract and fluid flow does not contribute to sperm motility in
our guidance assays. To test whether sperm guidance requires
signal transduction, we sought to identify machinery that
function in sperm. We identified a G protein-coupled receptor
(GPCR) of the Srb chemoreceptor family called srb-13 that is
required autonomously in sperm for guidance to the sperma-
theca (Figure 3). srb-13mRNAs are expressed during spermato-
genesis (Reinke et al., 2004) and srb-13, gst-4, R11A8.5, and
multiple fat genes physically lie within chromosomal regions
enriched in genes important for sperm and oocyte communica-
tion (Miller et al., 2004). srb-13mutant sperm are motile, capable
of fertilization, able to induce oocyte maturation and ovulation,
and resemble wild-type sperm in morphology. However, the
mutant sperm do not target the spermatheca efficiently in wild-
type or daf-16(mu86) hermaphrodites (Figure 3A and data not
shown). When wild-type males are mated to srb-13 mutant
hermaphrodites, male sperm guidance defects are not observed
(Figure 3A). Collectively, the data support the hypothesis that
sperm guidance requires PG synthesis in oocytes and srb-13
function in sperm.
Next, we developed an in vivo assay to measure spermmigra-
tion velocity in fat-2(wa17) and rme-2(b1008) PUFA-deficient
mutants following lipid addition (Figures 5A and 5B). In this
assay, sperm pseudopod translocation rate across eggs and
uterine walls is measured within minutes of lipid microinjection
(Figure S4). Microinjecting 1/20 and 1/200 dilutions of wild-
type extracts into the uteri of PUFA-deficient mutants causes
a robust sperm velocity increase (Figure 5C; p < 0.001). Wild-
type extracts have more activity than rme-2 mutant extracts,
consistent with their increased PG levels (Figure 5C;
p < 0.005). The assay was then used to assess the bioactivity
of diverse human eicosanoids. Microinjecting 25 mM concentra-
tions of PGF2a, PGD2, or PGE2 stimulates sperm velocity as well
as wild-type extracts (Figures 5B–5D). These PGs have similar
structures consisting of a saturated cyclopentane ring with at
least one hydroxyl group (Figure 5B). PGI2 and carbaprostacy-
clin, a stable PGI2 analog, have moderate activity, whereas
ThromboxaneB2, Leukotriene B4, and Lipoxin A4 have no activity
(Figure 5D). These results indicate that sperm recognize the PG
cyclopentane ring and respond with a velocity increase (Figures
5B and 5D). The mechanism by which PGs stimulate sperm
motility is increased pseudopod translocation (Figure S4).evier Inc.
Figure 4. C. elegans Oocytes Synthesize F-Series PGs
(A) TICs for m/z 315-360 of wild-type (WT, black) and fat-3(wa22) extracts (red). Each peak contains numerous ions. Dots represent retention times for 20-OH
PGE2 (red), PGF3a (blue), PGF2a (green), PGD2 (orange), and PGB2 (black) standards (see Table S2).
(B) MRM chromatograms using the mass transition m/z 353/193 of PGF2a, wild-type extracts, and fat-3(wa22) mutant extracts.
(C) LC-MS/MS of m/z 353, [M-H] of authentic PGF2a (top) and CePGF2 (bottom).
(D) Authentic PGF2a fragmentation patterns showing predicted structures (m/z 309 and m/z 193) that are characteristic of F-series PGs.
(E) TICs for m/z 315-360 of wild-type (black) and rme-2(b1008) extracts (red).
(F) MRM chromatograms using the mass transition m/z 353/193 of wild-type and rme-2 mutant extracts.
(G) MRM chromatograms using the mass transition m/z 351/271 of wild-type extracts and rme-2(b1008) and gst-4(ok2358) mutant extracts. The major peak
(arrow) in wild-type hermaphrodites from Rt 12.3–12.9 contains a mixture of ions that are dependent on rme-2 and gst-4 function. LC-MS/MS indicates the
ion at Rt 12.5 (Figure S2, top) is an unsaturated PGF2a analog. Notice that ions at 12.92 and 13.74 are the most abundant in gst-4 mutants, contrasting with
WT and rme-2 mutants.
Retention times (Rts) in (A), (B), (E), (F), and (G) are shown on the x axis. Identical tissue amounts, extraction conditions, and LC-MS/MS conditions were used for
all direct comparisons. TICs in (A) and (E) are from independent experiments with different tissue amounts (4.2 g for A versus 6.6 g for E) and solvent batches. TIC,
total ion chromatogram; MRM, multiple reaction monitoring. TICs show global views of lipid levels (ions between 315 and 360 amu), whereas MRM detects and
quantifies individual ions.
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Figure 5. F-Series PGs Stimulate Sperm Motility In Vivo
(A) Diagram showing the microinjection method (see Experimental Procedures). Sperm motility is assessed within minutes following injection. Wild-type sperm
migrate slower in PUFA-deficient fat-2(wa17) and rme-2(b1008) hermaphrodite uteri compared to wild-type uteri, 3.1 microns/min versus 8.1 microns/min
(Kubagawa et al., 2006).
(B) Structures of selected microinjected eicosanoids.
(C–E) Sperm velocity data following microinjection of extracts (C) or eicosanoids (D and E) through the vulva into fat-2(wa17)mutant uteri. Solid phase extraction
(SPE) and liquid/liquid extraction (LE) of wild-type hermaphrodites produced identical results, although LEwas the preferredmethod. Similar results are observed
when microinjecting into rme-2(b1008)mutants (data not shown). Data are from 3 to 10 microinjections per experiment. The major structural difference between
inactive Thromboxane B2 (TBX B2) and active PGF2a is an oxygen that interrupts the cyclopentane ring. *p < 0.001 compared to the 5% ethanol control by
a Student’s t test. Error bars are SEM. Number of sperm analyzed is above the error bars. Sp, spermatheca; Prox, proximal; ETOH, ethanol; CPC, Carbapros-
tacyclin; LTB4, Leukotriene B4.
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in vivo. We titrated down the microinjected concentrations,
which represent an upper limit because of dilution and loss
through the vulva. Microinjecting 250 nM and 25 nM PGF2a stim-
ulates spermmotility (p < 0.001), but 250 nMPGD2 does not (Fig-
ure 5E; p > 0.05). PGF3a, which is derived from EPA, also has
potent activity (Figure 5E; p < 0.001). The response to PGF2a
saturates above 250 nM, consistent with a receptor-mediated
process (Figure 5E).We conclude that F-series PGs are sufficient
to stimulate sperm motility at nM concentrations and that this
effect is likely to be a direct response.
Insulin/FOXO Signaling Regulates Prostaglandin
Synthesis
We hypothesized that insulin signaling promotes oocyte PG
synthesis. To test this hypothesis, we compared PG levels in
wild-type extracts to daf-2 mutant extracts. TICs show that
daf-2 mutants have a broad reduction in numerous PGs (Fig-
ure 6A). The DAF-2-dependent mechanism appears to have864 Developmental Cell 19, 858–871, December 14, 2010 ª2010 Elssome specificity for PG-like lipids because more hydrophobic
lipids, such as hydroxyeicosatetraenoic acids, which have reten-
tion times in the 17–20min range, are not broadly reduced. MRM
using the mass transition m/z 353/193 demonstrates that
CePGF2 is among those PGs that are reduced (Figure 6B). Our
genetic data indicate that daf-16 inhibits sperm guidance in
daf-2 mutants (Figures 2B and 2F). The daf-2(e1370); daf-
16(mu86) TIC shows a general increase in PG levels compared
to the daf-2(e1370) TIC (Figure 6A). However, closer inspection
reveals dynamic regulation. MRM indicates that increased
DAF-16 activity in daf-2 mutants causes decreased levels of
RME-2-dependent PGs, such as CePGF2 (Figure 6B). These
PGs are important for sperm guidance (Figures 2–5) and possibly
ovulation (Figure S1). We also identified DAF-16-dependent PGs
whose levels increase in daf-2mutants (Figure S5A). These PGs
do not require RME-2 for synthesis (Figure S5A) and may modu-
late lifespan, immunity, andmetabolism (Table S4). We conclude
that insulin/FOXO signaling regulates synthesis of a wide range
of PGs, including sperm-targeting F-series PGs.evier Inc.
Figure 6. Insulin/FOXO Signaling Regulates Oocyte PG Synthesis
(A) TICs form/z 315-360 of wild-type andmutant extracts. Retention times are on the x axis. Dots represent retention times of PG standards described in Figure 4.
(B) MRM chromatograms using the mass transition m/z 353/193 comparing wild-type to mutant extracts.
(C) DIC micrographs of proximal gonads. Yolk (arrows) can be observed in pools within the pseudocoelom and gonad.
(D) vit-2p::vit-2::gfp transgene expression. vit-2::gfp is incorporated into yolk in the intestine (arrows), and secreted yolk is endocytosed into oocytes (arrow-
heads). VIT-2::GFP is much brighter than GFP::DAF-16B, which is not visible in the panel. The most proximal oocytes are to the right.
(E) DNAmicroarray data showing DAF-16-regulating genes expressed in the adult germ line undergoing oogenesis and in somatic cells. Bars in (C) and (D), 20 mm.
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Complexes
To investigate the mechanism by which DAF-16 inhibits PG
synthesis, we examined DAF-16 transcriptional targets (Table
S1). DAF-16 represses transcription of all six vit genes, which
encode ApoB-100 homologs that form yolk lipoprotein
complexes, and of genes implicated in lipoprotein transport
and PG synthesis (Halaschek-Wiener et al., 2005; Murphy
et al., 2003). Yolk can be directly observed in hermaphrodites
using DIC microscopy and a vit-2p::vit-2::gfp transgene, which
contains one of two predicted DAF-16 binding sites in the vit-2
promoter (Grant and Hirsh, 1999; Murphy et al., 2003). We
observe a DAF-16-dependent decrease in yolk lipoprotein pools
within the pseudocoelom and gonad of daf-2(e1370) mutants
(Figure 6C). Yolk synthesis in the intestine and endocytosis into
the oocytes, visualized using the vit-2p::vit-2::gfp transgene,
decreases in time following shifting of daf-2(e1370) mutants to
the restrictive temperature (Figure 6D). Massive yolk accumula-
tion is observed in the pseudocoelom of pie-1p::gfp::daf-16b
transgenic hermaphrodites, suggesting that germline DAF-16
inhibits yolk endocytosis (Figure 6C). We confirmed this effect
using the vit-2p::vit-2::gfp reporter (Figure 6D). Therefore, DAF-
16 acts in the intestine to prevent yolk synthesis and in the
germ line to prevent yolk endocytosis. We conducted mass
spectrometry analysis to confirm that yolk-derived PGs are
reduced in daf-2 mutants. TICs show that largely overlapping
sets of lipids are reduced in daf-2 and rme-2 mutants (Figures
S5B–S5D). Additional levels of regulation may also exist, as
DAF-16 transcriptional targets include genes involved in PG
synthesis and breakdown (Table S1). However, daf-16 RNAi
did not suppress the gst-4(ok2358) sperm guidance defect, sug-
gesting that DAF-16 does not influence GST-4 activity in oocytes
(data not shown). These results demonstrate that insulin/FOXO
signaling regulates oocyte PG synthesis in part by controlling
PUFA delivery in lipoprotein complexes.
Transcription repression (directly or indirectly) is the mecha-
nism by which DAF-16 regulates vit gene expression in the intes-
tine (Halaschek-Wiener et al., 2005; Murphy et al., 2003). To
investigate the mechanism operating in the germ line, we
analyzed genome-wide DNA microarray datasets (Figure 6E)
(Murphy et al., 2003; Reinke et al., 2004). Of 263 genes with tran-
script levels upregulated by DAF-16, none are expressed in germ
cells undergoing oogenesis. In contrast, 14 genes are expressed
during oogenesis with transcripts downregulated by DAF-16.
Somatic cells have an equal mix of DAF-16-regulated genes.
We conclude that transcriptional repression is likely to be the
major mechanism by which DAF-16 inhibits sperm guidance.
Dietary and Neuronal Control of Sperm Guidance
Dietary and neuronal cues modulate insulin/FOXO signaling inC.
elegans, Drosophila, and mammals. We hypothesized that these
mechanisms might integrate nutritional status and metabolism
with reproductive output, in part by regulating sperm guidance.
In the C. elegans intestine, the FAT-2 D12 fatty-acyl desaturase
converts dietary monounsaturated fatty acids into PUFAs (Watts
and Browse, 2002). fat-2(wa17) hermaphrodites have reduced
PUFA levels (Watts and Browse, 2002), elevated DAF-16 target
gene expression (Horikawa et al., 2008), severe sperm guidance
defects (Kubagawa et al., 2006), and decreased CePGF2 levels866 Developmental Cell 19, 858–871, December 14, 2010 ª2010 Els(Figure S6A). To investigate the mechanism by which PUFAs
influence DAF-16 transcriptional activity, we generated fat-2
(wa17); sod-3p::gfp integrated transgenic mutants. sod-3 is
a direct DAF-16 target (Henderson et al., 2006; Oh et al.,
2006). fat-2 mutants have elevated daf-16-dependent GFP
expression throughout the body that is suppressed by PUFA
supplementation (Figure 7A). To examine the effects of PUFAs
on yolk dynamics, we generated fat-2(wa17); vit-2p::vit-2::gfp
mutants. These hermaphrodites generate substantial yolk, but
endocytosis into oocytes is severely compromised (Figures 7B
and 7C). Again, PUFA supplementation rescues the defects.
When fat-2 mutant adults are exposed to daf-16 RNAi for
24 hr, the sperm guidance defects are partially rescued (Fig-
ure 2E; p < 0.001). The data support themodel that PUFAs inhibit
DAF-16 activity to promote oocyte lipoprotein complex endocy-
tosis and oocyte PG synthesis.
DAF-16 stimulates transcription of seven fatty acid desa-
turases that mediate PUFA synthesis (Table S1) (Halaschek-
Wiener et al., 2005; Murphy et al., 2003), suggesting that DAF-
16 may be part of a PUFA homeostasis mechanism. We found
that fat-2 mutants synthesize significant quantities of PGs,
many of which are not synthesized in the wild-type (Figures
S6A and S6B). Therefore, the small amount of D12 fatty-acyl de-
saturase activity in fat-2(wa17) mutants is sufficient for PG
synthesis. These PGs do not appear to require yolk endocytosis
(Figures 7B and 7C). fat-2(wa17); daf-16(mu86)mutants are sick
in appearance and have severe germline development defects,
contrasting with fertile fat-2(wa17) mutants (Figure S6C). The
double mutants do not expand in population size and cannot
be maintained in the absence of PUFA supplementation, which
rescues the survival and germline development defects. We
conclude that DAF-16 compensates for low PUFA levels during
development and inhibits reproduction in adults.
Metabolism, nutritional status, and longevity are regulated by
a neuroendocrine system consisting of insulin, serotonin, and
TGF-b pathways that converge on DAF-16 (Fielenbach and An-
tebi, 2008; Ogg et al., 1997; Shaw et al., 2007). Serotonin-defi-
cient tph-1(mg280) mutants have elevated DAF-16 activity
throughout the body and reduced brood size (Liang et al.,
2006; Sze et al., 2000). tph-1 is expressed specifically in seroto-
nergic neurons. To test whether serotonin deficiency influences
sperm guidance, we mated wild-type males to tph-1(mg280)
hermaphrodites. Relative to the control, sperm in tph-1(mg280)
hermaphrodites migrate with reduced directional velocity and
increased reversal frequency, causing reduced spermathecal
accumulation (Figures 2E, 2F and 3A; p < 0.001). Similarly, muta-
tions in the daf-4 type II TGF-b receptor (Estevez et al., 1993) and
daf-7 TGF-b ligand (Schackwitz et al., 1996) cause nonautono-
mous sperm-targeting defects (Figure 3A). daf-7 is specifically
expressed in ASI sensory neurons. Taken together, these data
support the model that the neuroendocrine system modulates
reproductive capacity, in part through control of PG metabolism
critical for sperm guidance.
DISCUSSION
Insulin’s actions include the regulation of longevity, stress
response, immunity, metabolism, and reproduction (Mukhopad-
hyay et al., 2006; Tatar et al., 2003). How these responses areevier Inc.
Figure 7. PUFAs Inhibit DAF-16/FOXO Transcrip-
tional Activity and Promote Yolk Endocytosis
(A) Transgenic strains expressing GFP (shown in white)
under control of the sod-3 promoter, a direct DAF-16
target. Numbers indicate average fluorescent intensity ±
standard deviation for selected regions adjacent to the
intestine (n > 10 animals). daf-16 RNAi and fat-2(wa17)
control RNAi (not shown) animals have increased intestinal
autofluorescence, easily distinguished from GFP at high
magnification, caused by the HT115 feeding RNAi bacte-
rial strain. Anterior is to the right. Bar, 100 mm.
(B) VIT-2::GFP localization driven by the integrated vit-
2p::vit-2::gfp transgene. Yolk pools are observed in fat-2
(wa17) mutants. Bar, 100 mm.
(C) High magnification images showing VIT-2::GFP endo-
cytosis into oocytes (arrowheads). Bar, 20 mm. AA, Arach-
idonic acid; DGLA, Dihomo-gamma-linolenic acid.
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FOXO signaling modulates the synthesis of locally acting lipid
hormones called PGs. Our results, together with those of
previous studies, support the following model (Figure 8). Insulin
acts through a canonical pathway to promote oocyte PG
synthesis. When insulin levels drop, DAF-16 enters the nucleus
and acts alone or in combination with other factors to activate
and repress gene transcription in a cell-type-specific fashion.
DAF-16 inhibits the transport of intestinal PUFAs to oocytes in
yolk lipoprotein complexes. This mechanism, and perhaps addi-
tional mechanisms, downregulates oocyte F-series PG
synthesis critical for sperm guidance and likely ovulation. In the
intestine, DAF-16 stimulates the transcription of genes encoding
proteins that increase yolk-independent PG synthesis, which
may influence longevity, immunity, and metabolism (Table S4).
Dietary fat intake, as well as neuronal serotonin and TGF-b path-
ways, inhibit DAF-16 to promote sperm guidance and
reproduction.
We show that insulin signaling is required in adults to promote
multiple reproductive processes, including oogenesis, oocyte
maturation, ovulation, and sperm guidance. Recent studies
support the idea that mild reduction in insulin signaling can delayDevelopmental Cell 19, 858–aging-associated changes in oocyte quality
(Hughes et al., 2007; Luo et al., 2010). Whether
PGs influence oogenesis, oocyte maturation,
or reproductive aging is not clear. DAF-16 acts
on multiple levels to inhibit oocyte PG synthesis
and at least two levels appear to involve tran-
scriptional repression. DAF-16 directly or indi-
rectly represses vitellogenenin gene expression
in the intestine (Halaschek-Wiener et al., 2005;
Murphy et al., 2003), preventing yolk formation.
In the germ line, overexpression of the DAF-16B
isoform inhibits oocyte yolk endocytosis. The
germline DAF-16 target(s) is not known, but
DNA microarray data suggest the target is tran-
scriptionally repressed (Murphy et al., 2003; Re-
inke et al., 2004). Based on these data, DAF-16
is likely to act in transcriptionally active, devel-
oping oocytes and intestinal cells to suppress
oocyte PG synthesis.Three lines of evidence support the hypothesis that F-series
PGs guide migrating sperm to the spermatheca. First, oocytes
synthesize multiple F-series PG analogs, whose abundances
(roughly 20 pM to 2 nM per ion per worm) correlate with a wide
range of mutants causing nonautonomous sperm guidance
defects. Significant levels of D- and E-series PGs were not found
in the extracts. Second, predicted PGD, PGE, and PGF syn-
thases (a.k.a. aldo-keto reductases) are necessary for sperm
guidance. In mammals, aldo-keto reductases can act down-
stream of PGD and PGE synthases to generate F-series PGs
(Figure 8B). Finally, microinjecting nanomolar concentrations of
F-series PGs, but not other eicosanoids, into PUFA-deficient
hermaphrodites stimulates a robust increase in sperm velocity.
PG microinjection through the vulva does not influence direc-
tional velocity, likely because a continuous gradient is not estab-
lished. Given that sperm migrate with decreased velocity and
directional velocity, as well as an increased reversal frequency
in PG-deficient mutants, we favor the model that F-series PGs
control sperm guidance. The numerous RME-2-dependent
PGF2a and PGF3a analogs present in wild-type extracts suggest
that multiple structurally distinct F-series PGs derived from
different precursors promote sperm guidance. This idea is871, December 14, 2010 ª2010 Elsevier Inc. 867
Figure 8. Working Models
(A) Cell type and molecular regulation. DAF-16
promotes intestinal PUFA biosynthesis through
increased expression of fat genes and inhibits
yolk lipoprotein complex formation required to
transport PUFAs to oocytes. Increased DAF-16
activity shifts the PG balance, favoring those
PGs requiring de novo PUFA synthesis over those
requiring PUFA transport to distant sites. Yolk
provides oocytes with PUFAs for synthesizing F-
series PGs that promote sperm guidance. PUFAs
negatively regulate DAF-16 to promote oocyte
yolk endocytosis and PG synthesis. See text for
additional details.
(B) Prostaglandin synthesis machinery in
mammals and predicted C. elegans pathway.
The C. elegans genome encodes homologs of
mammalian enzymes that synthesize and modify
PGs, with the lone exception being PG G/H syn-
thase. Red color indicates steps required for
sperm guidance, based on genetic or biochemical
studies (this study and Kubagawa et al., 2006).
Red arrows indicate biochemically conserved
steps. See text for additional details.
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or EPA alone does not cause sperm guidance defects, but defi-
ciency in all C20 PUFAs does (Kubagawa et al., 2006). Whether
different precursors generate PGs with distinct signaling proper-
ties is not known.
PG G/H synthase or cyclooxygenase is a bifunctional enzyme
with two distinct active sites that catalyze the cyclization of AA
into PGG2 and the peroxidase-mediated reduction of PGG2
into PGH2 (Chandrasekharan and Simmons, 2004) (Figure 8B).
PG G/H synthase homologs are found in cnidarian, tunicate,
and vertebrate genomes, but not in nematode and arthropod
genomes. The most parsimonious explanation is that PG G/H
synthases were lost in nematodes and arthropods. There is
considerable evidence that PG synthesis is an evolutionarily
conserved feature of multicellular animals (Rowley et al., 2005;
Sommer et al., 2003; Stanley-Samuelson and Pedibhotla,
1996; Tootle and Spradling, 2008). However, structural data
are lacking in most invertebrates. A recent report suggests that
a Drosophila myeloperoxidase called Pxt has cyclooxygenase
activity, although the mechanism and synthesis products are
not clear (Tootle and Spradling, 2008). The myeloperoxidase868 Developmental Cell 19, 858–871, December 14, 2010 ª2010 Elsevier Inc.domain is structurally related to the PG
G/H synthase peroxidase domain, but
myeloperoxidases do not possess a
known cyclooxygenase active site
(Daiyasu and Toh, 2000). We show that
C. elegans synthesizes numerous F-
series PGs, including CePGF2. Although
complete structures cannot be deter-
mined at present, LC-MS/MS data are
consistent with several F-series PGs con-
taining the cyclopentane ring at different
positions in the carbon backbone (data
not shown). We also identified F-series
PGs with fewer than 18 carbons, sug-gesting that the backbone is cleaved. Structural and NSAID
results, together with the lack of PG G/H synthases in the
genome, support the model that PG synthesis initiates by an
alternative mechanism. We could not find evidence for involve-
ment of myeloperoxidases, but cannot eliminate the possibility
that they are involved. These results suggest that cyclopentane
ring formation is catalyzed by an enzyme other than PGG/H syn-
thase, similar to plant and protozoan species (Dey et al., 2003;
Gfeller et al., 2010).
gst-1 and gst-4 encode predicted PGD synthases, and
R11A8.5 encodes a predicted PGE synthase. However, LC-
MS/MS data indicate that D- and E-series PGs are either present
at low levels or not present in extracts. It is possible that these
predicted synthases produce transient D- and E-series interme-
diates, respectively, that are rapidly converted into F-series PGs
by aldo-keto reductases (Figure 8B). Five aldo-keto reductases
show germline expression (Reinke et al., 2004), and two tested
thus far by RNAi are necessary for sperm guidance. However,
an alternative possibility is that GST-1, GST-4, and R11A8.5
generate F-series PGs directly. The biochemical mechanisms
for worm PG synthesis remain to be determined. There is
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including the germ line, and that expression is regulated by
stress and infection (Leiers et al., 2003; Reinke et al., 2004;
Shapira et al., 2006; Troemel et al., 2006). The C. elegans
genome encodes a wide array of predicted PG synthases with
complex expression patterns and PG synthesis is likely to occur
in numerous cell types.
Whether FOXO regulates prostaglandin metabolism in other
animals is not clear. In mammals, FOXO1, FOXO3, and FOXO4
are expressed in overlapping patterns within the ovary (Castrillon
et al., 2003; Liu et al., 2007; Pisarska et al., 2009). FOXO3a
knockout mice exhibit accelerated follicular development (Cas-
trillon et al., 2003), whereas oocyte-specific FOXO3a activation
inhibits follicular development and causes anovulation (Liu
et al., 2007). Evidence is accumulating that mammalian oocytes
and cumulus cells secrete unidentified sperm chemoattractants,
but little is known about the in vivo mechanism (Eisenbach and
Giojalas, 2006). A recent study has shown that FOXO1 expres-
sion in granulosa cells suppresses the transcription of numerous
genes involved in fatty acid and steroid metabolism, including
the sterol element-binding transcription factors SREBP1 and
SREBP2 (Liu et al., 2009). In endothelial cells, SREBPs bind to
the COX-2 promoter and induce its expression (Smith et al.,
2005). COX-2-dependent prostaglandins are critical for ovula-
tion and fertilization, but not for follicle development (Lim et al.,
1997; Matsumoto et al., 2001). It is not known if prostaglandins
are involved in sperm guidance, but COX-2 is expressed in
cumulus cells of ovulated oocytes (Lim et al., 1997). NSAIDs
inhibit ovulation and fertilization in a wide range of mammals
and are associated with reversible infertility in human females
(Mendonca et al., 2000; Pall et al., 2001; Sirois et al., 2004; Smith
et al., 1996). These studies highlight intriguing similarities
between C. elegans and mammals. However, there are also
important differences, particularly in the site(s) of insulin,
FOXO, and prostaglandin actions and possibly in the reproduc-
tive processes involved. Determining the extent to which similar-
ities betweenC. elegans andmammals are rooted in an ancestral
mechanism will require further investigation.EXPERIMENTAL PROCEDURES
Strains and Sperm Guidance Assays
C. elegans strains were maintained as previously described (Kubagawa et al.,
2006). MitoTracker Red CMXRos (Invitrogen) was used to label wild-type or
fog-2(q71) male sperm (Kubagawa et al., 2006). Briefly, Mitotracker CMXRos
solid was diluted to 1mM in DMSO. Approximately 100males were transferred
to a watch glass containing Mitotracker CMXRos diluted to 10 mM in a total
volume of 300 ml M9 buffer. The males were incubated in the dark for 2 to
3 hr, transferred to an NGM plate seeded with E. coli, and then transferred
again for overnight recovery. For sperm migration assays, 10–20 adult
hermaphrodites were anesthetized with 0.1% tricaine and 0.01% tetramisole
hydrochloride in M9 buffer for a period of 30 min (McCarter et al., 1999). The
adults were transferred to an NGMplate containing an1 cm circle of bacteria
and 50 Mitotracker-labeled males. Males were allowed to mate for 30 min.
Most mutants/RNAi hermaphrodites have variable sperm guidance defects.
For sperm accumulation experiments, mated hermaphrodites were separated
from labeled males for 1 hr before mounting on 2% agarose pads for micros-
copy. For analysis of sperm motility, hermaphrodites were mounted on
agarose pads immediately after mating, as previously described (Kubagawa
et al., 2006). Sperm migration was measured from traces generated from
time-lapse videos. Both DIC and fluorescent images were taken every 30 s.DevelopmeAxiovision software was used tomeasure distances. See Supplemental Exper-
imental Procedures for strains, RNAi methods, and additional details.
PUFA Supplementation
PUFA-containing NGM plates were prepared as previously described (Kuba-
gawa et al., 2006; Watts and Browse, 2002). Briefly, PUFAs were added slowly
to cooled NGM media, with stirring, to final concentrations of 100–200 mM.
Plates were kept in the dark and seeded with NA22 bacteria after 24 hr.
NA22 bacteria accumulate PUFAs into their lipids at ranges from 1%–5% (Ku-
bagawa et al., 2006). See Supplemental Experimental Procedures for addi-
tional information.
Drug Treatment
For treatment with indomethacin (IC50 < 6 mM) and acetylsalicylic acid (aspirin,
IC50 < 1.25 mM), hermaphrodites were exposed to the drugs on plates and in
M9 buffer. For plates, the drugs were mixed with cooled NGM and the pH was
adjusted to 7.0. Control plates were prepared using DMSO only (<2%). For
liquid exposure, drugs were diluted in M9 buffer and added to watch glasses
containingM9 buffer. The pHwas checked and adjusted to7.0, if necessary.
Adult hermaphrodites were incubated with the drugs for 4–16 hr (plus food if
incubations exceeded 8 hr.). For liquid culture, DMSO was kept below 0.5%.
For treatment with the selective COX-1 inhibitor SC-560 (IC50 < 1 nM) and
the selective COX-2 inhibitor CAY-10404 (IC50 = 9 nM), worms were incubated
with drugs in M9 buffer for 4–8 hr. SC-560, CAY-10404, and controls include
fresh DMF (%0.04%). See Supplemental Experimental Procedures for addi-
tional information.
Transgenics
The pie-1p::gfp::daf-16b transgenic strain was generated using the micropar-
ticle bombardment method (Praitis et al., 2001). The daf-16b ORF was cloned
into the pID3.01B GFP bombardment destination vector using Gateway LR
cloning (Invitrogen). See Supplemental Experimental Procedures for additional
details.
Microinjection
Lipid extracts and commercial eicosanoids (Cayman Chemical) were microin-
jected through the vulva into the reproductive tract, as previously described
(Kubagawa et al., 2006). fat-2(wa17) or rme-2(b1008) hermaphrodites were
mated with MitoTracker-labeled males before microinjection. Fresh
nitrogen-purged lipids were dissolved in ethanol, diluted in M9 buffer, and
loaded in the needle. See Supplemental Experimental Procedures for addi-
tional details.
Lipid Extraction
A mixed-stage population of each strain was grown on sixty 150 mm seeded
NGM plates. For comparative analysis, tissue was weighed to ensure that
equal amounts were analyzed. Individual samples differed by less than 1%
total mass. During and following extraction, extreme care was taken to prevent
oxidation. Samples were dried and stored in glass vials (at 20C) under
nitrogen gas, and 0.005% butylated hydroxy-toluene (BHT) was added to
solvents. For liquid/liquid extraction, a previously published procedure for ex-
tracting PGs from mammalian tissue (Golovko and Murphy, 2008) was adap-
ted for C. elegans. See Supplemental Experimental Procedures for additional
details.
Mass Spectrometry
LC-MS/MS analyses of commercial standards and C. elegans extracts were
performed using a system consisting of a Shimadzu Prominence HPLC with
a refrigerated auto sampler (Shimadzu Scientific Instruments, Inc., Columbia,
MD), and an API 4000 (Applied Biosystems/MDS Sciex, Concord, Ontario,
Canada) triple quadrupole mass spectrometer. The chromatographic separa-
tion was performed on a Synergy hydro RP-C18 column (250 3 2.0 mm i.d)
pre-equilibratedwith 0.1% formic acid. The LC-MS/MS systemwas controlled
by BioAnalyst 1.4.2 software. Twenty-seven eicosanoid standards (Cayman
Chemical) were used for optimization (Table S2). For comparative analysis of
different strains, the extracts were run consecutively. See Supplemental
Experimental Procedures for additional details.ntal Cell 19, 858–871, December 14, 2010 ª2010 Elsevier Inc. 869
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